INTRODUCTION
The amount of 137 Cs released into the atmosphere as a result of the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident has been estimated to range between 8.8 (Terada et al., 2012) and 36.6 PBq (Stohl et al., 2012) , and about 20-30% of this released 137 Cs may have been deposited, mainly over Fukushima and other places on the Japanese mainland (e.g., Kawamura et al., 2011; Kobayashi et al., 2013) . The latest estimation using compiled data and model simulations by Aoyama et al. (2016) calculated a total release of 137 Cs of 15-20 PBq, of which 3-6 PBq is estimated to have been deposited on land. The would be able to interact with seawater for long time, were also found to be present. Thus, radio Cs exists in the seawater not only as soluble species, which enhance surface water activity in the short term, but also as insoluble or less soluble species, which can increase the dissolved Cs concentrations in deeper layers.
On the other hand, a large part of the 137 Cs inventory was deposited on riverine system watersheds in Fukushima Prefecture. Radio Cs isotopes are known to be incorporated into clay minerals as inner-sphere complexes (e.g., Fan et al., 2014a, b, c; Qin et al., 2012) , and are not readily leached from surface soils by the effects of rain or surface water. Consequently, the migration of 137 Cs from terrestrial surfaces occurs by transportation of the soil and sediment particles themselves. In fact, FDNPP-derived radio Cs exists predominantly in the particulate phase in river water (e.g., Nagao et al., 2013 Nagao et al., , 2015 Sakaguchi et al., 2015; Ueda et al., 2013; Yoshikawa et al., 2014; Yoshimura et al., 2015) . As a consequence, the factors for the transfer of Cs to land plants are low, even though Cs is a monovalent alkali element (e.g., Menzel, 1965; NIRS, 2016) . Ultimately, particulate Cs would be transported to the Pacific Ocean as discharge from river systems. Evrard et al. (2015) have stated that a few % of radio Cs accumulated (a few TBq of 137 Cs) in riverine catchments was exported to the Pacific Ocean in the years following the FDNPP accident. Furthermore, Pratama et al. (2015) reported in a modelling study that, over the next century, more than 150 TBq of radio Cs will be discharged continuously to the Pacific Ocean. In addition, from the results of sediment trap studies at offshore Fukushima and semipelagic stations, it has been verified that particulate radio Cs has been continuously derived from the neritic area to the continental slope and the deep oceanic layers as suspended solids (Otosaka et al., 2014) .
The radionuclide contamination mentioned above could be the cause of great concern for coastal/oceanic environments and ecosystems, including marine biota, from the standpoints of radiation exposure and/or accumulation of radio Cs, particularly for Japan. In fact, it has been observed that the apparent distribution coefficient for radio Cs in the Abukuma River, which has the largest catchment area in Fukushima Prefecture, has decreased by two orders of magnitude in estuary compared with that for fresh, upstream water (Kakehi et al., 2016; Sakaguchi et al., 2015) . This decrease has been substantiated in laboratory experiments and from using the generalized adsorption model (GAM) (Fan et al., 2014a, b, c) . From these results, it can be predicted that the contribution of Cs in seawater as desorbed from soil/sediment particles cannot be ignored, since this source of Cs is very mobile and readily taken up by biota. Meanwhile, Fukushi et al. (2014) have reported that desorption of adsorbed stable Cs on clay (smectite) particles was inhibited in solutions of relatively high Mg 2+ and Ca 2+ concentrations due to the adhering fine clay particles. In any case, the behaviour of Cs in brackish water and seawater is not the same as it is in freshwater on land. Thus, in future, in predicting and managing coastal/oceanic ecosystems from the aspect of radiation exposure, it will be important to understand the fate of radio Cs on soil/sediment particles in seawater.
In this study, we focus on the oceanic dissolutive behaviours of radio Cs discharged to the environment as a result of the FDNPP accident. For this purpose, we conducted a leaching experiment on an aerosol sample using natural seawater. In addition, we studied the adsorption/ desorption behaviour of 137 Cs in a soil sample obtained from Fukushima using natural seawater, diluted seawater and ultrapure water as leachates. The results of radio Cs leaching from the soil are also compared with the leaching data for stable isotope 133 Cs.
MATERIALS AND METHODS

Samples
The aerosol sample was collected in a continuous manner at the Kawasaki Environment Research Institute (35∞30¢57N, 139∞42¢43E) using a high-volume air sampler (HV-1000F, Sibata Scientific Technology Ltd.). The period of sampling was from 2:30 pm on the 14th of March 2011 to 2:41 pm on the 15th of March 2011. The air mass collected had a high radio Cs concentration (1.55 ± 0.09 Bq/m 3 ), resulting in serious contamination not only throughout the Fukushima region, but also the whole of the Kanto area. Further information regarding this sample can be seen in Tanaka et al. (2013) .
A surface soil sample (ca. 0-3 cm depth, 150 cm 2 ) was collected on 29th of May 2011, two months after the FDNPP accident, from a farm in the Yamakiya district of Kawamata Town (37∞35¢07N, 140∞43¢03E) in the northern part of Fukushima Prefecture. The Yamakiya district, which is situated in the river Abukuma watershed, was an evacuation area that was heavily contaminated by radio Cs. The soil was selected as being representative of the geology in Fukushima, i.e., weathered granitic rock. This surface soil was a sub-sample of the material that had been used in the experiments of Tanaka et al. (2013) . The sample was dried at room temperature and sieved through a 2-mm mesh to remove foreign objects. After that, the sample was homogenized over the course of a few hours using a motorized agate mortar grinding machine. The 137 Cs concentration in the homogenized soil was measured with a Ge semiconductor detector (CAN-BERRA, GC4018/7915-30/ULB-GC) connected to a multichannel analyser. The count rate of g-rays emitted from the 137 Cs in the samples was monitored at 662 keV.
Next, the count rate (at 662 keV) was converted into radioactivity based on the calibration for the detection efficiency of a standard sample holder containing an IAEA QC soil, IAEA-444. The 137 Cs activity in the soil sample was calculated as 32.0 Bq/g. For the determination of stable Cs ( 133 Cs) in the soil sample, a portion of soil sample (about 100 mg) was calcinated overnight at 450∞C and then treated with a mixture of HNO 3 , HF and HClO 4 in a Teflon vial on a hotplate for 12 hours. The sample solution was totally evaporated and the residue remaining after the evaporation was dissolved in diluted HNO 3 solution. The concentration of stable Cs was determined by ICP-MS (Agilent 7700). The 6.52 mg/g value obtained was consistent with the 0.11-24 mg/g range of values reported for Japanese surface soils (Uchida et al., 2007) . The mineral composition of this surface soil has been well characterized; the main components being quartz and plagioclase, biotite and/or smectite, and chlorite and/or kaolinite as clay minerals (Tanaka et al., 2013) . This mineral composition is similar to that of the suspended solids and sediments present in the Abukuma riverine system (Fan et al., 2014a; Tanaka et al., 2014 Tanaka and Watanabe, 2015) . Thus, this surface soil can be regarded as a source of riverine-suspended particles. However, it is also possible that some size-sorting effect during the transport in river waters can affect the distribution of caesium, which was not fully considered in this experiment as will be discussed below.
About 20 L of seawater was collected at Kikaijima Island (28∞19¢15.3N, 129∞55¢14.9E) in August, 2010; about six months before the FDNPP accident. Kikaijima Island does not have any large rivers that outlet to the Pacific Ocean, hence the salinity (around 33 psu) of the seawater around Kikaijima Island is not diluted by freshwater. The pH value of the seawater was 8.08. The seawater was filtered using a 0.45 mm pore membrane filter and stored at 4∞C in the dark. The measurement of 137 Cs in the seawater sample was conducted by the method of Sakaguchi et al. (2009) . About 3 ml of seawater was acidified to be a 2% HNO 3 solution, and 133 Cs was measured with ICP-MS (Agilent 7700) in ultra-robust mode. The 137 Cs and 133 Cs contents of the sample were determined to be 1.0 mBq/kg and 0.284 mg/kg, respectively.
Leaching experiments
All leaching experiments were commenced one year after the FDNPP accident (March, 2012) .
A portion of the aerosol filter (about 15% of total filter area) was weighed, and the 137 Cs activity in the sample was determined to be 318 ± 7 Bq. This filtered sample and 200 ml of seawater were put into a High Density Polyethylene (HDPE) bottle and gently rotated (around 30 rpm) at a constant temperature of 25 ± 1∞C. The leachate was filtered using a 0.45 mm pore membrane filter, and the g-rays emitted by 137 Cs in the leachate were measured with a Ge semiconductor detector. The radioactivity was calculated using a TEL2011-08 Spiked Water Sample 01 IAEA QC sample. Seawater (200 ml) was added to the leaching bottle together with the aerosol filter collected on the membrane filter, and the same leaching procedure was repeated 4 times (days 3, 6, 12 and 29) within a one month period.
The seawater sample was diluted to varying degrees with ultrapure water in order to study the effect of ionic strength on leaching efficacy. Five different solutions were prepared by mixing seawater and ultrapure water as follows: 100:0, 80:20, 50:50, 20:80 and 0:100, respectively. The ionic strengths were estimated following the equation from Millero (1982) and Eby (2004) using salinities. The estimation of ionic strengths for the diluted seawater samples were conducted using the calculated salinities under the assumption of the proportional relation between salinity and dilution factor for seawater samples.
The solid-solution ratio for the leaching experiments was based on the work of Nyffeler et al. (1984) and Carroll et al. (1999) , that is, 4 g of soil were extracted with 200 ml of water (seawater, diluted seawater, or ultrapure water).
The soil samples and seawater were put into HDPE bottles and gently rotated (around 30 rpm) at a constant temperature of 25 ± 1∞C. After three days of leaching, the samples were filtered using a 0.45 mm pore membrane filter. The filtered solutions were diluted to 1 L with ultrapure water and acidified to pH 1.6 with HNO 3 . Forty mg of 133 Cs (Wako, Analytical grade CsCl) was added as a carrier and the solution was stirred for 1-2 hours. One gram of ammonium phosphomolybdate (AMP) powder was added to concentrate the 137 Cs and to decrease the content of 40 K, which would otherwise result in a higher background signal for the measurement of 137 Cs. After stirring the solutions for 1 hour and standing for 12 hours at room temperature, the supernatant was removed first by siphoning, followed by filtration. The Cs-adsorbed AMP was dried at 105∞C for 12 hours and then placed into a plastic container for measurement of 137 Cs activity. The 137 Cs activity was estimated by the same method as mentioned in Subsection "Samples". A portion of the AMP powder was dissolved with 1.25% tetramethylammonium hydroxide (TAMAPURE-AA) to determine the concentration of 133 Cs as a yield tracer. An ICP mass spectrometer (Agilent 7700) was used to measure the 133 Cs in the solubilised AMP samples. In this case, rhenium (10 ng/ml) was employed as the on-line internal standard.
The soil samples, which had previously been leached with the various seawaters, were recovered from the filter, again put into HDPE bottles, and leached with fresh leaching solutions (seawater/ultrapure water mixtures at ratios of 100:0, 50:50 and 0:100). These steps were repeated on 10 occasions (days 3, 6, 9, 15, 18, 33, 75, 117, 164 and 223) throughout a period of 223 days, to enable measurement of 137 Cs at the various elapsed times. About 3 ml of each leached solution were collected and acidified to be a 2% HNO 3 solution for measurement of 133 Cs with ICP-MS in ultra-robust mode.
EXAFS measurements and analyses
In our previous studies, Cs L III -edge extended X-ray absorption fine structure (EXAFS) spectroscopy has been presented as a useful technique for examining the local coordination structure for Cs in soil samples (e.g., Fan et al., 2014a, b, c; Qin et al., 2012) . EXAFS analysis was conducted to gain some insight into the leaching process of Cs from the soil samples. Because the amount of radio Cs in the soil sample was too low to gain the EXAFS spectra, stable Cs was doped to the sample. Stable Cs adsorption on to the soil was conducted according to previous studies (e.g., Bostick et al., 2002; Qin et al., 2012; Tanaka et al., 2013) . Subsequently, the sample was subjected to the same seawater leaching procedure as was conducted for the radio Cs leaching experiment. As for the comparison, two samples, Cs adsorbed on vermiculite and Cs + solution (0.50 M CsCl aqueous solution), were also prepared. The EXAFS measurements were made for these samples at BL-12C in the Photon Factory, KEK (Tsukuba, Japan). The incident X-ray beam was obtained by Si(111) double crystal monochromator. The data analysis was same as performed by Qin et al. (2012) .
RESULTS AND DISCUSSION
Aerosol filter leaching experiments
The leaching ratio L R (%) was calculated using the following equation:
where A w (Bq) represents the leached activity of 137 Cs in leachates for each leaching period and A i (Bq) is the initial total activity of 137 Cs in the sample. The integrated leaching ratio of 137 Cs from the aerosol filter, using seawater as leachate, is presented in Fig. 1 and Table 1 . About 40% of the total 137 Cs was extracted in the first leaching period (3 days). Efficient leaching of 137 Cs from this aerosol filter has previously been reported by Tanaka et al. (2013) , where ultrasonic leaching with ultrapure water resulted in 47% of the total 137 Cs being extracted in 30 min. This value is approximately two thirds to nearly half of their observations for the other samples collected at different periods. In addition, we obtained approximately 2.5-8 times larger leaching ratios of 137 Cs, derived from FDNPP, than that for aerosols collected in four periods in March, 2011 at Tsukuba; about 160 km southwest of the FDNPP (Xu et al., 2015) . Thus, the solubility of aerosols differs depending on discharge period, reactor (reactor 1, 2, or 3), and/or distance from the FDNPP.
The leaching of radio Cs from our air filter sample gradually lessened in the subsequent time periods. It is significant that although the leaching rate decreased from 41.4 ± 2.3 Bq/day to one tenth (3.9 ± 0.3 Bq/day) in the second leaching period, some of radio Cs (1.8 ± 0.1 Bq/ day) was still leached one month after commencement of the leaching experiment. This time dependence shows that there are at least two components, instant leaching and slow leaching, within the radio Cs in the aerosols. Considering the sediment trap observations, which show the sinking velocities for the higher-activity suspended solids immediately following the accident were about 200-400 m/day (Honda et al., 2013; Honda and Kawakami, 2014) , the suspended particles could sink to a depth of around 1,000 m within a few days, and can serve as a source of soluble radio Cs at that depth. The contribution of 137 Cs from sinking particles to global 137 Cs fallout in Pacific deep water (deeper than 1000 m) can be roughly calculated as 0.001-0.3% in a period from 6-12 days after the accident. Our calculations are based on the amount of 137 Cs deposited at the geographical areas 47∞N, 160∞E (450 Bq/m 2 at point K2, Honda et al., 2013; Honda and Kawakami, 2014) , 30∞N, 145∞E (540 Bq/m 2 at point S1, Honda et al., 2013; Honda and Kawakami, 2014) and 40-50∞N, 170-180∞E (4275 Bq/m 2 ¥ factor ~ 2; Table 1 in Aoyama et al., 2016) , the scavenging rate (0.3-1.5%/year from surface to deeper layer, 360 m/day in Honda and Kawakami, 2014) , 137 Cs concentration in the deep seawater (0.03-0.1 mBq/L, 32.6-35∞N, 146-162∞E; Aoyama et al., 2000) and the rate of 137 Cs leaching (about 10% to less soluble 137 Cs for 6-12 day leaching period, as shown in Table 1 ). For this period, the contribution of dissolved 137 Cs from sinking particles may not be large. However, the residual sinking particles derived from the FDNPP would be a source of dissolved radio Cs at deeper/ bottom layers over a long time.
Short-term soil leaching experiments
Radio Cs leaching ratios with seawater and diluted seawater solutions The radio Cs leaching behaviour for the soil samples was totally different from that of the previously mentioned aerosol samples, although the origin of the radio Cs in both samples is the same, which suggests that some chemical changes took place after deposition of the aerosols on to the ground.
The results of the short-term (3 days) 137 Cs leaching study of the soil samples, using ultrapure water, diluted seawaters and seawater leachates, are shown in Table 2 . The leaching ratio was calculated using Eq. (1) shown in Subsection "Aerosol filter leaching experiments". The lowest 137 Cs leaching ratio L R (0.1%) was found for the ultrapure water, and L R increased with the increasing ionic strength of the prepared leaching solutions. The highest value for the 137 Cs leaching ratio was approximately 2%, which value occurred in the leaching experiment using 100% seawater. This value falls within the range (1.4-4.2%) of values obtained by Takata et al. (2015) from leaching experiments performed over a few days using Abukuma riverine soil/sediments and natural seawater, even though there are differences in the experimental conditions between these two studies. For example, this study used bulk soil with a solid-solution ratio of 4 g : 200 ml, as opposed to Takata et al. (2015) using sieved riverine soil/sediments (<74 mm) with a solid-solution ratio of 10 g : 5 L. Furthermore, the leaching ratio obtained in this study is similar to those reported by Takata et al. (2015) from the Kuji, Naka and Tone Rivers. Yamasaki et al. (2016) using artificial seawater (40 ml) for very fine silt (0.8 g) collected from the mouth of the Kuma River also obtained leaching ratio of 3.4 ± 0.6%, similar to those in our short-term experiment. Thus, the percentages of 137 Cs species desorbed from soil/sediments using higher ionic strength solutions over short leaching periods do not show any significant differences among these rivers, which suggests that specific characteristics such as mineral compositions dependent on their sources do not primarily control the leaching ratios.
Radio Cs K d values for seawater and diluted seawater leaching experiments
The distribution coefficient (K d value, L/kg) was calculated using the following equation:
where A i (Bq) is the initial total activity of 137 Cs in the soil sample for each leaching period, A w (Bq) represents the leached activity of 137 Cs in leachates for each leaching period, W s is the weight of the soil sample (4.00 ¥ 10 -3 kg) and V w is the volume of the leaching solution (~0.2 L). Here, it must be noted that the K d values employed in this study is apparent values, since the value is time dependent without reaching equilibrium.
The K d value was highest for the ultrapure water system, at 4.82 ± 0.40 ¥ 10 4 L/kg. This value is approximately one order of magnitude larger than the K d values obtained from 137 Cs batch adsorption-desorption experiments using cropland soil samples (Ishikawa et al., 2008; Tagami and Uchida, 2013) and as in a summary of more than 450 field/laboratory experimental results from all over the world (IAEA, 2010) . However, this value for the Fukushima soil with ultrapure water is between one or two orders of magnitude lower than the apparent K d values obtained for the natural riverine system in Fukushima after the FDNPP accident (e.g., Nagao et al., 2013 Nagao et al., , 2015 Sakaguchi et al., 2015; Ueda et al., 2013; Yoshikawa et al., 2014; Yoshimura et al., 2015) . This discrepancy may be due to differences in the solid-solution ratios for each K d evaluation system (Turner, 1996) . In fact, the percentages of 137 Cs leached from Fukushima samples were nearly the same as for independent shortterm experiments using natural/artificial seawaters (see Subsubsection "Radio Cs leaching ratios with seawater and diluted seawater solutions"). It is possible that the same situation occurs with low salinity systems. The discrepancy could also be due to the difference in composition between the surface soils and the suspended solids, which consist mainly of fine clay minerals. The experimental K d values for this study decreases with increased ionic strength, with a value of 0.28 ± 0.02 ¥ 10 4 (L/kg) being obtained for the pure seawater leaching system. Tagami and Uchida (2013) reported that the apparent K d values for seawater and coastal sediments are in the range of (0.035~1.5) ¥ 10 3 (geometric mean value, 2.0 ¥ 10 2 ) based on their summary of 194 previously published results. Other researchers have also reported K d values of about 10 2 (IAEA, 2004; Carroll et al., 1999; Nyffeler et al., 1984; RWMC, 1996) .
As can be seen from such results, K d values decrease significantly for seawater-coastal sediments compared to the K d values for fresh water systems. This phenomenon was observed for the Abukuma River (Fukushima) after the FDNPP accident; that is, high ionic strength river water induced low K d values in the water and the suspended solids system Kakehi et al., 2016) . Figure 2A shows the relationships between the ionic strength (log) of the waters, excluding the result for ultrapure water, and the K d values (log) for the leaching experiment in this study, and Fig. 2B shows the values obtained for the Abukuma River system by . The ionic strengths for river water were calculated by Visual Minteq 3.1 (Gustafsson, 2013) under the assumption that the differences between the total cation and anion equivalents were complemented with HCO 3 -concentrations. Both graphs show very good correlations between the ionic strengths and the K d values, Sakaguchi et al. (2015) .
Fig. 2. The relationships between the ionic strength (log) of the waters and the K d values (log) for the leaching experiments in this study (A), and for waters obtained from the Abukuma river system (B) by
hence using these relationships it should be possible to estimate, at least approximately, the short-term 137 Cs desorption ratios for soils/suspended solids in other aquatic systems in Fukushima. As a consequence of these experiments, it can be said that ionic strength has a large effect on the 137 Cs K d values for soils/suspended solids. Declines in the K d values of high salinity water have been observed both in laboratory and field experiments. The empirical equation between the K d value and salinity has been proposed as follows (Bale, 1987; Turner and Millward, 1994; Turner, 1996) :
where S is salinity; and b is a factor that controls the ratio of change of K d , and K d 0 is the calculated K d at S = 0. The datasets obtained from this study ( Fig. 2A) and from Sakaguchi et al. (2015) from the Abukuma riverine system (Fig. 2B) were fit to this equation, and good correlations between K d values and S (R = 1.00 and 0.92 with p = 4.82 ¥ 10 -8 and 0.010) were observed, respectively ( Supplementary Fig. S1 ). Thus, an obvious relationship is observed for the effect of salinity and ionic strength on K d in riverine systems in Fukushima. However, further evaluations of salinity/ionic strength and suspended solid concentrations are needed to construct accurate relational equations. EXAFS measurements and analyses It can be said that the 137 Cs desorption ratio here is controlled by the leaching of the outer sphere complexed Cs from the soil and clay surface (Fan et al., 2014a, b, c; Qin et al., 2012) . Some insights into the leaching process can be gained from the results of the Cs L III -edge EXAFS analysis shown in Fig. 3 . In this experiment, stable Cs was initially adsorbed on the soil, which was thoroughly washed with ultrapure water before the EXAFS measurements were made. Subsequently, the sample was subjected to the same seawater leaching procedure as was conducted for the radio Cs leaching experiment.
In Fig. 3B , the prominent peak around R + DR = 2 Å in the radial structural function (RSF), which was observed for the initial sample before leaching, shows that the outer-sphere complex of Cs binds with O from hydrated water, and the peak at about 3.5 Å represents the inner sphere complex of Cs with O and/or Si in the clay minerals contained in soil (Fan et al., 2014a, b, c; Qin et al., 2012) . As can be seen in these graphs, the peak for the outer-sphere complex is more pronounced than that of the inner-sphere complex before short-term seawater leaching. However, after leaching, the relative height of the outer-sphere peak to inner-sphere peak was reduced. Thus, the mechanism for leaching of Cs from soil in this leaching period is considered to be predominantly electrostatic in nature as predicted by Takata et al. (2015) .
Long-term radio caesium soil leaching experiments
The integrated amount of leaching for the 137 Cs ratio (%) as a function of the experimental period is shown in Fig. 4 and Table 3 . Leaching was performed using ultrapure water, diluted seawater (1:1 dilution) and seawater. Note that the elapsed days written in this section is the period after the start of the long-term leaching experiments without including three days elapsed in the short-term experiments.
Using seawater, the amount of 137 Cs (Bq) leached after three days was 2.55 Bq and gradually decreased to 1.62 Bq for the last three days in the 18-day leaching period (5th leaching period; see Table 3 ). In experiments for leaching with 1:1 diluted seawater and ultrapure water, the amounts of 137 Cs leached in the first period (three days) were 1.52 and 0.17 Bq, respectively. These values gradually decreased to 1.05 and 0.10 Bq, respectively, for the 5th leaching period. A significant reduction in the amount of 137 Cs leached occurred for ultrapure water leaching during the first 18 days (3-6 days interval) leaching period. As can be seen, there is a clear difference between the slopes of the integrated amounts of 137 Cs (%) leached using the different leachates for the short interval leaching period (0-18 days), i.e., leaching with ultrapure water results in a more gentle slope than the ones for 1:1 diluted seawater and seawater. Seawater has the highest ionic strength, contains natural 133 Cs (around 2 nmol/kg) and has the ability to leach/desorb 137 Cs from mineral surfaces via ion exchange under relatively fast solid-solution equilibrium conditions. Given that ultrapure water is devoid of background ions, it has minimal po- (1) tential to extract 137 Cs via ion exchange. Thus, desorption of the readily soluble 137 Cs would be the principal washout mechanism, and it follows that it would take longer for equilibrium conditions to be established between solution and soil.
The K d value in the first 3 days of leaching with seawater was 0.28 ¥ 10 4 (L/kg), and that for 18 days (the 5th leaching) attained to 0.43 ¥ 10 4 (L/kg). After that, the K d value was nearly constant, except for the final longterm leaching period. The K d values for the ultrapure water experiment, 0.40-4.6 ¥ 10 5 (L/kg), were one to two orders of magnitude larger than those for seawater. However, similar variations were basically observed for ultrapure water and 1:1 diluted seawater, although the obvious K d value variations that were observed in seawater leaching did not occur. Thus, we can assume that the K d values had become relatively constant in the rivers of Fukushima one month after the accident. Conversely, the K d values in the fresh water system immediately after the accident (less than one month) were about an order of magnitude lower (~10 4 ) and the dissolved radio Cs ratio would have been relatively high. Increase of K d values in the earlier leaching period (to 18 days) could be explained by a decrease in the ratio of outer-sphere desorption and a small amount of inner-sphere Cs from the soil surface as shown in the above EXAFS results. In addition, the relatively constant K d values in the middle and late leaching periods may be explained by desorption of inner-sphere Cs from the frayed edges and inter layers of the clay minerals. Unfortunately, no EXAFS analysis was performed for the later period, so there is no clear evidence for desorption of Cs from the inner-sphere complexes. However, it is judged that weathering of the soil/ sediments in river water would occur as a result of longterm water-soil/sediments interactions.
The integrated amount of leaching ratio of 137 Cs to total 137 Cs using ultrapure water was estimated as 0.5% over the 223 days. For 1:1 diluted seawater, the ratio was 9.5% for the same period. The total amount of 137 Cs leached by seawater was about 16%, which value was about 10 times that for short-term leaching (1.7% for 3 days). These results indicate that the contribution of desorbed 137 Cs arising from the long-term interaction of soils with seawater may not be as small as was estimated in the short-term seawater leaching experiments for Fukushima riverine sediments/soils (Takata et al., 2015) , artificial seawater leaching experiments for Fukushima soils (Yamasaki et al., 2016) and for laboratory-based studies on adsorbed radio Cs on soils . Furthermore, in the context of the IAEA proposal (IAEA, 2004 ) that the level of desorbable Cs in sediments in coastal environments is around 20%, this proposal is quite reasonable even though the desorbable value remains open for discussion.
As mentioned in Subsection "Aerosol filter leaching experiments", radio Cs consisted of at least two types of species in aerosols, that is, a relatively soluble phase and a less soluble phase. The leaching rate (%/day) of the "less soluble" phase in the aerosol sample was larger than those for the soil leaching experiments. Considering both the aerosol and soil leaching experimental results, the behaviour of radio Cs derived from FDNPP in the land/continent system may be summarised as follows: the radio Cs discharged to atmosphere had at least two phases; a soluble phase and a less soluble phase. These two phases contained radio Cs which was solubilized in rain water immediately and/or slowly in the atmosphere and/or in the surface soil. On land, the dissolved Cs immediately underwent adsorption on the clay surfaces, and most of this Cs was incorporated into the clay mineral layers. A few % of the clay adsorbed and refractory particulate Cs could be extracted after a few days leaching in seawater, increasing to more than 15% after 7 months of leaching.
Long-term stable caesium soil leaching experiments
The results of leaching experiments for stable Cs within the same experimental periods as for radio Cs, are shown in Fig. 5 and Table 4 . The leaching ratio for stable Cs, L S (%), was calculated using the following equation:
where C i (mg) is the initial bulk 133 Cs in the soil sample, C w (mg) represents the 133 Cs in leachate for each leaching period, and C 0 (mg) is the initial 133 Cs in seawater (0.284 ¥ 10 -3 mg/g ¥ solution amount, g). The integrated leaching over 233 days for ultrapure water were estimated as 1.35%, 4.42% for 1:1 diluted seawater and 8.06% for seawater. Generally speaking, in respect to the three leachates, there are some similarities between the leaching behaviour for natural 133 Cs and radio Cs. That is, a longer leaching period provided the opportunity for more Cs to be extracted from the soil, and a higher ionic strength media resulted in a larger leaching ratio compared to that for ultrapure water (low ionic strength). However, some differences were apparent in the results between the stable Cs study and the radio Cs study for the FDNPP-derived soils.
The total stable Cs leaching ratios with seawater and diluted seawater were lower than those of radio Cs. One notable characteristic is that the 133 Cs leaching ratios in the first interval (3 days) were significantly high, then steeply decreased during the short interval leaching period (0-18 days), even though a large variation was found in the diluted seawater leaching. In fact, the K d variation of 133 Cs for each leaching interval is larger than that of 137 Cs. On the other hand, in ultrapure water leaching experiments, the leaching ratio of 133 Cs is again higher than that of 137 Cs in the short interval leaching period. Then, the total leaching ratio of 133 Cs was also higher (1.3%) than that of 137 Cs (0.5%). The key point is the difference in the chemical forms of the two isotopes. 133 Cs has been present in the soil fractions (silicate minerals) for a long time, existing in the relatively more stable site possibly in phyllosilicate minerals; i.e., the so-called inner-sphere complexing Cs. Clearly, some fraction of Cs ions would be adsorbed electrostatically on the grain surfaces (outer-sphere complexing Cs). In contrast, anthropogenic Cs, 137 Cs in this study, was derived with unknown species emitted from the FDNPP accident which occurred one year before commencement of our experiments. It should also exist as inner-sphere and outer-sphere complexes in the soil. In addition, to these complexes, as well as other 137 Cs species such as inclusion of less soluble particles, could also be present, although it is not certain whether the "outer-sphere" and "inner-sphere" complexes of each chemical form of 137 Cs and 133 Cs are the same. Another factor is the preferential leaching of 133 Cs from tectosilicate structures, i.e., K-feldspar, that has less affinity to Cs compared with phyllosilicates and adsorb less 137 Cs (Tanaka et al., 2018) . To discuss about the small difference between stable and radio Cs isotope leaching behaviours, we do not have any clear evidences so far. However, both Cs isotopes, 137 Cs and 133 Cs, basically showed the similarity for leaching behaviours over the long-term experiments.
CONCLUSIONS
Leaching of
137 Cs from the aerosols collected in March, 2011 from Kawasaki, and surface soil sampled from Fukushima two months after the FDNPP accident, were performed using leachates of differing ionic strengths to study their leaching behaviour and determine their K d values. Approximately 40% of the total 137 Cs present on an air filter was extracted in the first 3 days by seawater leaching, and further 137 Cs was gradually leached over time. Our experiments thus show that it is possible to serve dissolved 137 Cs to deep ocean layers through the sinking/dissolution of refractory particles derived from FDNPP. For short-term (three days) ultrapure water soil leaching, the extracted 137 Cs represented only approximately 0.1% of the total activity with K d values of 4.82 ± 0.40 ¥ 10 4 L/kg. For seawater leaching, the amount of 137 Cs extracted was about 2% and the corresponding K d values were 0.28 ± 0.02 ¥ 10 4 L/kg, which are about 20 times less than that for ultrapure water leaching respectively. The leaching ratios and K d values showed the clear effects of salinity and ionic strength in leaching solution. For long-term leaching (more than 220 days) of soil with seawater, 1:1 diluted seawater and pure water, leaching ratios for 137 Cs of about 16%, 9.5% and 0.5%, respectively, were obtained. The leaching behaviour of radio Cs similarity to that for natural 133 Cs, although it is not perfectly consistent. Taking into consideration the results from leaching of the aerosol sample with ultrapure water and seawater, it is considered that the radio Cs discharged to the atmosphere from the FDNPP accident consisted of soluble and less soluble phases. The Cs in these phases then underwent both rapid and slow solubilisation with rain water in the atmosphere and/or in the surface soil. The dissolved species then quickly underwent adsorption on clay surfaces, and most species were then incorporated into the surrounding clay minerals. A few % of the absorbed or refractory Cs would have been extracted over the course of a few days at coastal environments after discharging through rivers to the ocean, ultimately achieving more than 15% desorption/solubilisations over a 7-month period.
